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SULIMARY 



l.iotion pict-iires were taken at 1,850 frames per second 
of the sprav penetration and co:noiTsti on occurring: in the 
N.A.C.A, comb'-j-stion apparatus^ a.rran--:ed to operate as a com- 
pression-ignition en.^ine. Indicator cards were ta.ken si- 
multaneously with the motion pictures "by means of the 
IT . A. C . A, or. ti cal indi cat or . 

The motion pictures showed that when i.^nition occurred 
during injection it started in the spray envelope. If ig- 
nitio:i occ-'irred after injection cut-off, however, an' after 
considerahle mixing had taken place, it was impossible to 
predict where the i^^nition would start. The pictures also 
showed that i?:nition usually started at several point in 
the combustion chamber. ^Tith this apparatus, as the injec- 
tion aovance an::^le increased from 0^ to 40^ before top cen- 
ter, the rate of flame spread increased and the duration of 
burninr^ decreased. 

IITTRODUCTIOIT 



Iv;any methods have been used to sturdy the combustion 
process in an internal-combustion engine, including: anal- 
ysis of indicator cards; observation of the flame by a 
stroboscope; continuous, or "streak", photo5:raphy of a nar- 
row band of the flame as shown through a slit; analysis of 
gas samples taken progressively throughout the cycle by a. 
stroboscopic valve; recording of flame trvavel by electric de- 
vices; and stroboscopic photographing of the spectrum of the 
gases in the cylinder. Although each of these methods has 
advantages over the others for studying some particular pnase 
of the combustion process, all of theiuhave definite limita- 
tions. When making a pho tosrraphic investigation of combus- 
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tiou it is desiraole to obtain a r r o i^r e s si ve picture of the 
combustion as complete ?s possible, in respect to both time 
an d i n c 1 u d e d field. 

In previous ^ork on th^-^. effect of fuel vaoorization on 
combustion with the IT.A.C.A. combT-stion a'ooaratus some con- 
tinuous photographic records of the flame were obtained 
through 2~inch round ^indc.^s fitted in the sides of the com- 
b-'stion charaber (reference l) . Thes3 pictures ^ave the ap- 
oroximate location of the ip-nition relative to the spray 
s.ii'i an idea of the rate of flame spread through the combus- 
tion chamber. Ho^vevor, they sho"^ed the flame suread only 
■^hen tile progress of the flame was slow and toward th^^ sides 
of t'n.e chamber, n'ivin^: the speed of flame in only one direc- 
t i on . 

This report presents some o the preliminary work done 
usinp* the T.A.C.A. combustion a.^npa.ratus in conjunction with 
a hi-di- speed motion-picture camera capable of takin^^ pic- 
tures at rates up to /j,250 frames per secon<^.. Motion pic- 
tures trhen at this rate txirouaih 3-1 inch-d i arae ter £^lass 
windows in the combustion chamber give a fajrly complete and 
pro9:ressive picture of normal combustion. Under knockin^q; 
conditions, however, the combustion process is so speededup 
that, oven with the present camora speed, the flame fills 
almost the entire chamber in tho interval between succes- 
sive f r r-iTiO s . 



D-^SC.RIPTION 0? APPARATUS 



A sketch of the N.A.C.A. combustion apparatiis, a^ used 
in these tests, is sho7/n in fi<rire 1. This apparatus as 
first built is described in reff^rencis 2 and 3. Several al- 
terations have been made since t-^ese descriptions were writ- 
ton. The hyd ra:il ? cally operated c omp e s si on- r el e a se valve 
has been chr>n?ed so thc?.t full compression pressure exists 
onl7 ^or thp sin^^le c.^'cle in wnich the injection of fuel oc- 
•-■^irs, the cylinder bein^r scavenred for all preceding; nnd 
succeedinv?: cycles. 

The c ommon-r i 1 in j ect i on system on the enrine, as 
first used, has been replaced by ?^ pump injection system. 
The operation of the pump is as follo^.'^s (see fi^:. l) : Valvo 
3 allows th^- fuel displ^^ced by the pump plunder to by-pass 
back to the fuel tank except when the clutch is enga^^ed. for 
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an ,.expl 0 si on cycle, Then valve B is closed during the 
single revolution of the camshaft, the pump plunger com- 
presses the fuel in the pump resorvo.ir 'until the plunger 
approaches the upper limit of its tr/jvel, when it opens 
the poppet valve .A. The openin/ic of valve A releases a 
pressure wave into the injection tube, causing injection 
of the fuel.. This ne^^ injection system allows continuous 
c i rculati on :0f f uel through the . i n.j e c t i on valve so that, 
by controlling the t emper ature -of the fuel in the fuel 
tank, Dixy desired fuel temperature can he maintained at 
tno injection valve. 

■ In .all tests the fuel was injected from the top of 
the combustion chamber, which is at the right side of all 
flame pictures shown. A '5-orif ice nozzle was used except 
where otherwise noted. The fuel used in the present tests 
was diesel oil and the quantity injected per cycle was 
0.00025 pound, giving -an air factor of about 1.3. The coi^- 
pression ratio was 14.6., 

An indicator has been designed to use in conjunction 
with the engine. This indicator is of the optical type, 
the deflection of a diaphragm causing a corresponding de- 
flection of a lic'^ht beam. The us-'^al xi sadvan t age s of this 
type of instrument have been minimized by a refinement of 
design m.ade possible by the particular conditions under 
which the instrument is used. The large opening in the 
combustion chamber permits the use of a diaphragm with a 
1-5/8-inch diameter. The natural frequency of the dia- 
phragm and mirror is approximately 9,000 per second. The 
pivot mechanism is of a type designed to minimize the fric- 
tion and preclude looseness. The effect of temperature on 
the diaphragm is not an important consideration with this 
indicator because of the large mass of the diaphragm and 
the fact that it is exposed to high temperature for only 
one cycle, 

A spark coil and timer record on the indicator card 
the phasing with respect to the engine by photographing two 
sparks that occur 90 crankshaft degrees apart. Since the 
film drum of the indicator is driven by a synchronous motor, 
the use of these two sparks enables an allowance to be made 
for any momentary acceleration of the engine caused by the 
ex^')losion. A switch on the camshaft causes the sparks to 
jump the spark gap in the indicator only in the single cy- 
cle in which injection occurs. 
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The mo 1 1 on-pi p.tur e c amer a- ix,-s.ed- i n. these .te.sts is a 
c onifiierci al,. pr oduc t , a de scr:. p.ti on of ivhich may be found 
in'"' ^''^f ^'te'^n^ 4.. It., differs fro.n the -^isaal motion-picture 
c ame'i'V in ; "that instead, of the i nterrnl 1 1 en t film movement 
n suallj". "employed * i n such cai-ieras, a continuous movement 
of the film^ is used. This continuous movement is made 
p'ossihle by usin^. in the optical system, a rotating flat 
p'risrn" that causes the image., to f ollow the rjiovin,?r film/ 
/Tit'h'this camera, motion pictures have been- ta.ken in some 
instaiice^ at . 2, 250 frames i^er. second. The particular il- 
lustrations in this "oaper were taken at approximately 
1,850 fr^:--m3S per second; that is, a picture approximately 
every two cra.nkshaft degrees,.. The exoosure time is one 
tli-frd'^^bf ' the time interval from picture to picture. The 
W^il-dth of.^ the film is 16 mm and ^the type of film used iri " 
t'he's'6 te t s was supersensitive panchromatic. ' 

Included on Aiie edfce of each picture, as seen in fie;- 
ure 'S, i ^ a simultaneous photograph of the dials of the 
clock which is included in the base of the camera. figure 
3 shows also an enlargement of on<^ of these clock photo- 
graphs. Th.i s time record can be read t.o 0..001 second on 
the orijgina.l films with the aid .of a. magnifying glass. 

D"i.irin:s: the major-' ty of the tests the apparatxis wa.s 
arranged' as in. f igur.e 1 with the optical indicator fitted 
to one side of the Combustion chamber. With this arrange- 
ment, flame pictures and Q-otica.l indicator cards were t ak- 
en simultaneously. In order to photograph the fuel sprays 
in the combustion chamber • the indicator was repla.ced by a 
second" pair of glass windows with a piece of ground glass 
"between them. This ground glass was given even, intense 
illumination by an arc li'^ht. Against this ground glass 
as a ne\itral background, the fuel spray pho t ogr a.phed as a 
dark silhouette and the coraou.st ion , because of its extreme 
brightness, stood out in excellent contrast. 

T1]ST RIJSjLIS ANr Discussion • • 

The first se.ries of pictures with the high-speed mo- 
tion-picture camera was- taken to find, the effect, of injec- 
tion advance angle on fl^.me spread. figure 2 sho^ws dndi- ' 
cator cards rnd motion pictures, o"' the combustion, wi th in- 
ject i oh adv aric e angles of 0, 20, and 40 crank degrees be- " 
fore to"0 center. The exact position of the timing lines 
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as given on th^se records was 3^ "before top center and 87^ 
af-t^er top center, Tlie phasing of the moving-picture film 
Was dete.rmined by as s^iiriinir that the start of flame corre- 
sponded with the start of pressure rise on the indicator 
cards. Measurements on several sets of indicator cards and 
flame records that were later obtained with the supplemen- 
tary spark records, showed that this method of phasing could 
he used with an error of not more than ±2^- (See also ref- 
■BT\ei\oe 5.) 

The mo t ion ^pi c tur e s of the combustion for the condition 
in which injection started at top center show that ignition 
occurred about 50 or after top center and started at sev- 

.eral different places near the center of the . combust ion 
.chamber. The next frame, two crank degrees later, shows 
that the isolated areas of biirning had become connected and 
the flame had spread through about two thirds. of the combus- 
tion chamber. The flame appeared to be intense and had ir- 
regular edges which were no" doubt caused by the unevenness 
of the mixture. By the time the third frame was taken the 
flame had filled the combustion chamber and appeared to.be 
very intense. The indicator card shows that the .maximtin 
pressure was not reached in the c ombu s t i on . chamb er until 
about 13^ after top center. Beyond 15^ after top., center .the 
indicator card shows that the pressure dropped , rapidly in- 
dicating that the rate at which heat was liberated by tliQ 
burning- fuel decreased decidedly after this, point; however, 
the. flaiue pictures show that the flame filled the chamber 
until . more than 20^ after top center. Beyond 250 after top 
center the flame steadily became smaller but lasted about 
70^ longer. At 90o after top center a few tiny isolated 
Ilames still existed. 

The photographs of the flame for the condition in 
which injection started 20^^ before top center show that the 
first flame appeared in the chamber abou-t 12^ before top 
center. The i.^nition lag was slightly greater than when 
injection started at top center b\\t the flame spread was 
more rapid. Again tho flame started in more than one place. 
Only two of these tiny isolated flames apoear in the pic- 
ture taken 12^ before top center. Examination of similar 
records indicates that, as a rule, more of these nuclei of 
burning appeared before the flames spread through the cham- 
ber. At 10^ before top center the flame had spread almost 
to the edge of the combustion chamber - a slightly greater 
rate of flame travel than was obtained when injection start- 
ed at top center-, Tnen the third frame was taken the flame 
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had srrea.d to the edge of the chanu^er in all directions 
except oiiO isolated region. In s\icceedin^ pictures this 
•dia;rk .r-e£:ion moved a.round the cha.mber sli:i:htly ^^nd, al- 
t'iifdu'gh • f 1 aJTie reached all parts of the chamber, it never 
6'Xisted in all parts of the ch.^^raber/ simil taneoiisly , The 
in.drcator card sho^vs that the start of pressure rise was 
r^;radual and smooth anc^ that maximum, pre ssure occurred in 
•-t'iie. chaTnher .-at top center. Altbeu^h the rate of pressure 
.lr.ir.e : "i'-as r ap id it was not rap-id enou^rh to ca.us-e knock. The 

l-ane .'"p i c-tnir e s show .that at top center the flair^e was "be.^in- 
nin'*: to e out in the conhustion chamber. Fla.rr.e continued 
until 30^ after top center. The flame in this afterburning 
p'eriod had a different appearance from the af t orburnin:; 
■•trhat:*^accur r ed when injection started at top center in that, 
with- an injection sta.rt of 20'^ before -too center, the late 
burning appeared to be masses of burning gas instead of 
more Cr less isolated nuclei. 

Vvnen the Injection advance an..^le was increased to 40^ 
th'..) i:^:nition la.g ^'/as greater than the las; obt ained . wi th . the 
0^ and 200 advance angles. The first sia:n of combust ion 

^was two F.mall fla.aes tnat appeared 1?^ before top centei?;-" 
By 2^ l^^ter the flames had spread to the edges of the (Slia^m- 
ber in a;lmost nil directions. The indicator card shows 
tii^t ■'the rate of pressure rise was so rapid that it set the 

'iti i cat or 't o " vibr at in^: ; however , this par t i cul a r expl o si on 

-w as "riot -accompani ed by ;^ Irno'^tk. The card shows that the 
^ato<of heaf input had decreased decidedly and the flame 

'-tiieltureB show that the flame was dying out rapidly at top 
cefiter. At 10'^ after top center the flamfe had died out 

' cOiToletely . Since the fla-me continued in the top of the 
chci-iber for some tirae after it had i sa^dT) dar ed in the bot- 
tom, "the injected fuel evidently did not "form a homogeneous 
mixtiTe with the air even when injected 40^ before top cen- 
ter and 25*^^ before x^'nition sta.rted. 

• • 'J'' *- 

Firure 3 shows some enlar/^ements", to slir'rhtly less 
than full size, of the flame pictures dbtn.iried when fuel 
was injected from a sin5:le O.OoO-inch nozzle, injection 
starting at top center. It may be noted that i^-nition 
started in the envelope of the spray at-more than one posi- 
tion. The second frr-.^e shows how the flames had sprea.d 
and how burning had started in several new isolated areas. 
In the lower r i.^ht-^hr.nd section of the flame' the spray can 
still be seen. The third frame also shows the- fuel spray 
and shows that the flames had spread to the bottom of the 
windows; and about half-way to the side of the combustion 
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cliaiuber. The tentli fr;^.v:e siio^^s tne flr-me con t iniiinc-?: to 
sprea.d "but nevei^ completely fillino- the chamber. The other 
two frgmes shc" the ilaine dyin^T out at the top of the cham- 
ber, but contin'ain!<^^ to burn at the bottoja. The last frame 
shows the small isola.ted nuclei of incandescence. 

Figure 4 shows some enl ar ren.en t s of photographs of 
the spray and the flame, to sli:-^htly less than full size, 
when injection started at top center, Tiiree frames of the 
film, of which the third is reprod-acerl in fisr^are 4, show 

silhotTettes of the spray in the chamber. The fourth frame 
still shows the spray silhouette a.n'^ also shows the start 
of the flame in the envelope of one of the sprays. This 
small flame has a very irres:ular outline and its bri;^htness 
Varies. The fifth frame shows the flames spread to the" 
edr^e of the chamber in one direction anc3 to the center of 
the chamber in the other direction, b\it still presenting 
a very uneven appearance. This fra.me also shows a nucleus 
of burninr in the sDra.y envelope on th3 opposite side of 
the chamber. The succeeding; pictures sho^*^ the appearance 
of the flame as it spread through the rest of the chamber. 

A study of the original film with a ma.eni f yin.^r .rlass 
gives a better idea of the details of the combustion than 
can be obtained from the contact prints shown in fi,^:ure 2. 
However, a full appreciation of tho motion and continuity 
of the combustion can be obtained only from the projection 
of the filmi as ac motion picture. 

COITCLUSIOITS 



From a study of the high-speed motion pictures pre- 
sented the following conclusiojis c.^n be dra.wn: 

1. vTnen i^^nition occurs durin.r fuel injection in a 
compression-ignition engine it starts in the spray envelope 
but when ignition occurs after inje-^tion and after consider- 
able mixing- has taken place it is impossible to predict 
where the start will occur, 

2. Combustion in a compression-ignition engine usual- 
ly has m.any ignition nuclei. 



3. 7ith the l^^.A.C.A. coabustiou apr)aratus, as the in- 
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Jection advance angle increar^e?* from 0 to 40 crank dej=!:rees 
"before top centef, tiio rate of flame spread increases and 
the duration of "burning decreases. 
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Figure 1.- Diagrajnmatic sketch of N.A.C.A. combustion apparatus • 
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Figure 2.- Effect of 
injection 
advance angle on 
flame spread and on 
pressure rise. 
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